Thermal springs in evaporitic environments provide a unique biological laboratory in which to study natural selection and evolutionary diversification. These isolated systems may be an analogue for conditions in early Earth or Mars history. One modern example of such a system can be found in the Chihuahuan Desert of north-central Mexico. The Cuatro Cienegas basin hosts a series of thermal springs that form a complex of aquatic ecosystems under a range of environmental conditions. Using landmark-based morphometric techniques, we have quantified an unusually high level of morphological variability in the endemic gastropod Mexipyrgus from Cuatro Cienegas. The differentiation is seen both within and between hydrological systems. Our results suggest that this type of environmental system is capable of producing and maintaining a high level of morphological diversity on small spatial scales, and thus should be a target for future astrobiological research.
INTRODUCTION E
VA PORITIC SYST EMS are a primary target for astrobiological research because they may have been and still may be a significant environment on Mars and other bodies in the Solar System (for example, Bridges and Grady, 1999 ; see other papers in this volume of Astrobiology). Thermal springs have also been a major target for astrobiological research because of the likelihood of abundant thermal spring environments on early Earth and Mars, the theoretically large range of physiological strategies employed by inhabitants, the high potential for their fossilization, and our ability to identify these systems through remote sensing (Walter and Des Marais, 1993; Farmer and Des Marais, 1994) . Some have even proposed a more recent presence of springs on the surface of Mars (Malin and Edgett, 2000) . In addition, both evaporitic and thermal spring systems represent extreme environments, and as such help us to understand the environmental parameters within which life may exist.
In the Chihuahuan desert of Mexico, there is a thermal spring system located within an evaporite basin; while these environments may have been present throughout Earth history, today Cuatro Cienegas is one of the few desert aquatic sysInvertebrate Zoology and Geology, California Academy of Sciences, San Francisco, California. tems on Earth. Thus, it is important to evaluate the biodiversity and differentiation that occurs in this system. Abundant stromatolites are found in the thermal springs of Cuatro Cienegas, but unlike other stromatolite-rich ecosystems, Cuatro Cienegas contains a diverse group of microbial and metazoan life making up a multilayered food web. This is one of a very small group of thermal springs globally that host complex metazoan consumer groups such as fish (Mitchell, 1974) . As such, these springs also provide a laboratory in which to study the persistence and establishment of ecosystems with complex life in early Earth or Mars time. This study is part of a NASA Astrobiology Institute module investigating the ecosystem dynamics of this unusual environment.
Study area
The Cuatro Cienegas valley measures 30 km 3 40 km and is surrounded by mountains composed mainly of Cretaceous limestones (Minckley, 1969) (Fig. 1) . The area receives about 200 mm of precipitation a year, and evaporitic minerals are found throughout the valley and surrounding thermal spring areas (Minckley, 1969) . Sand dunes in the area are sometimes composed of gypsum crystals, and concentration of salts and alkalinity in the soils are often so high as to prohibit colonization by land plants (Minckley, 1969) .
The valley and its aquatic ecosystems have been associated with tectonic activity related to the Basin and Range province with springs flowing along fractures produced by the Laramide FIG. 1 . Map of the Cuatro Cienegas basin and hydrological systems studied here.
(Late Cretaceous to Paleocene) and other tectonic events (Minckley, 1969) . Within the small, restricted Cuatro Cienegas valley, there are over 300 aquatic habitats, including marshes, ponds, spring heads, spring-fed streams, and playa lakes, associated with about seven major individual hydrological systems. Many of these habitats are associated with sinkholes and a typical limestone karst topography (Minckley, 1969) . These hydrological systems can differ quite dramatically in water chemistry (Minckley and Cole, 1968) . Flow and volume within these habitats vary greatly, ranging from slow seeps to those with discharges greater than 1.0 m 3 /s (Minckley, 1992) and from ephemeral shallow pools to permanent lakes up to 7 m in depth (Hershler, 1985) . Cores have been taken from the pools, and radiocarbon dates indicate that at least some of the pools have existed for thousands of years; the base of one core was radiocarbon dated at about 31,000 years (Meyer, 1973) . Travertines and tufalike mounds can be found associated with current, active springs but can also be found around the basin floor, indicating the presence of ancient springs and aquatic environments (Minckley, 1969) .
Model organism
The Cuatro Cienegas basin and associated aquatic habitats are home to a large number of endemic organisms (organisms that are restricted to this geographic location) (Minckley, 1969) . One example is Mexipyrgus, a genus of freshwater hydrobiid snails. The evolutionary relationships among genera within the family Hydrobiidae are complex and have been the subject of recent genetic investigation (Wilke et al., 2001) . Mexipyrgus is a small snail that lives in soft copropelic muds throughout much of the Cuatro Cienegas spring systems. In previous studies, this group has been recognized as exhibiting high levels of variability of shell color, sculpture, size, and shape (Taylor, 1966; Hershler, 1985; Hershler and Minckley, 1986; Hershler and Hayek, 1988) . Taylor (1966) stated that there was no general relationship between morphologies and geographic localities, while Hershler and Minckley (1986) noted intergradation of morphometric characters among different localities along one hydrological system (the Mojarral system). These disparate findings are reflected by two distinct taxonomic systems: Taylor based mainly on external shell characters, while Hershler and co-workers recognized only one species, Mexipyrgus carranzae, based on soft tissue organs and morphometric analysis of shell morphology. While there have been major differences in systematic interpretations of this group, all authors have agreed that Mexipyrgus in Cuatro Cienegas is a model organism in which to study the processes of evolution and natural selection. The genus broods its young (and therefore does not have a planktonic larval stage), and they are not thought to traverse the hard travertine and coarse gravels that are found on stream beds with higher levels of water flow (Hershler and Minckley, 1986 )-thus they are potentially isolated populations that are theoretically more prone to differentiation and speciation (either through genetic drift or selection pressures). In addition, this genus has been proposed as a classic example of coevolution with specialized predators (Vermeij and Covich, 1978) . Thus, on the basis of previous studies, Mexipyrgus appears to be an ideal organism to investigate (1) morphological variability and its relationship to biological and environmental factors, (2) evolutionary processes leading to differentiation and the production of biodiversity, and (3) the biological and ecological conditions present in these environmental regimes.
MATERIALS AND METHODS
Samples in this study were collected from four distinct hydrological systems: Churince, Santa Tecla, Mojarral, and Tio Candido. The different systems are generally isolated from each other on the surface by an arid landscape of sills, dunes, and other geographic features, although some subterranean water exchange has been postulated in the past (Minckley, 1969) . Within the Churince system, four samples were collected: from the spring source (Churince Poza, also called Churince Laguna), from two stream localities with flowing waters (Churince 30ECO and 29ECO), and from a larger pond downstream (Laguna Media, Churince 12ECO). Sample 29ECO is downstream from 30ECO. Although previously it was generally accepted that Mexipyrgus snails were not found downstream of Laguna Media, some were collected this year (Evan Carson, personal communication, 2002 ), but they were not analyzed in this study.
Only one sample was analyzed from each of the Santa Tecla and Tio Candido systems. The Santa Tecla individuals were found along a stream environment with flowing water, while the Tio Candido specimens were collected in a large pond. The Mojarral East and West samples were collected from the Poza Azules system where the visitors' center for the natural preserve is located. The two ponds are fairly similar and are connected by a small surficial stream where water flows from Mojarral West to Mojarral East. Since swimming is prohibited in Mojarral West, these specimens were collected from the muds near the shoreline. Mojarral East individuals were collected in slightly deeper water.
Thirty individual gastropods were collected at each locality. Using a strainer, the bottom sediment was collected and sieved, and all live individuals of the species were collected from the coarse aliquot before another sediment sample was obtained. In this way, because all individuals were collected, we attempt to ensure a randomly selected sample and to minimize any size, shape, or color bias. These samples represent a random selection of individuals reflecting the demographics of the locality including males and females and a range of ages present. Living indi- Sample size is the number of specimens analyzed in this study. DO, dissolved oxygen.
viduals could be identified based on the presence of the operculum and occasionally on the observation of colored tissues (for example, the testes) within the shell spire. Specimens were fixed with an ethanol solution for preservation for future molecular biological analyses. Dried specimens were imaged, in apertural view (Fig. 2) , with a Kodak MDS100 digital camera mounted on a Wild M400 dissecting microscope. Previous landmark analyses of gastropods have used apical views, employing variation of the shell's spiral growth as the basis for morphological description (Johnston et al., 1991; Guralnick and Kurpius, 2001 ). We employ an apertural view instead, because this allows us to describe both spire and aperture shape, which, on the basis of qualitative assessment, seem to be important dimensions of variation in Mexipyrgus . Specimen landmarks were digitized with TnImage 3.0.6 for Linux. Imaging and digitizing were limited to six-whorled specimens since a fixed number of whorls per specimen means that all specimens have the same number of landmarks (Fig. 2) , thus permitting comparison of entire shell morphologies. Six-whorled individuals have the greatest frequency of occurrence in all samples; seven-whorled specimens were collected, but their frequencies are very low (Table 1) .
The possibility exists that a specific number of whorls represents different developmental stages in different populations, and hence the comparison of six-whorled individuals will capture variation from multiple sources (for example, developmental variation and geographic variation). The geometric approach, however, requires the use of a fixed number of landmarks among all specimens, yet its discrete partitioning of size versus shape variation (see below) presents distinct advantages over traditional distance measure-based analyses (Hershler and Minckley, 1986; Hershler and Hayek, 1988) Fig. 3 for sample numbering.
The raw landmark data were used for both the calculation of specimen size and the description of shape. Size was calculated as centroid size, the square root of the summed squared distances of a specimen's landmarks to their geometric centroid:
where S is centroid size, and d represents a landmark's distance to the geometric centroid. S has the advantage over other measures of size employed in morphometric analyses of being independent of shape measures in the absence of allometry (Bookstein, 1991) .
Shape was described using the method of principal warp analysis (Bookstein, 1991) , which essentially summarizes a specimen's shape as a transformation relative to a common reference form. The entire operation is performed in a curved Kendall shape space (Kendall, 1985) , with the reference form at the origin (no transformation) and specimens distributed in the space according to their landmark configuration. This curved shape space is simplified by projecting the occupied region onto a tangential Euclidean space, with the tangential point (and origin of the Euclidean space) being the reference form. The axes of the Euclidean space correspond to the major dimensions of specimen distribution (variation) in the curved shape space, and specimen coordinates on these axes (partial warp scores) summarize specimen shape completely and may be used as ordinary variables in parametric statistical analyses. Principal warp analyses were performed with tpsRelw (Rohlf, 2002) .
Among-sample shape variation was tested with multivariate analysis of variance (MANOVA) of partial warp scores and subsequent classification performed using canonical variates analysis (CVA). Sample differentiation was visualized by summarizing the multidimensional CVA results with a UPGMA hierarchical cluster analysis. A distance matrix for the cluster analysis was constructed using pairwise interspecimen Mahalanobis distances (derived from the CVA) with no prior assignment to sample. All statistical analyses were performed with SYSTAT 10 for Windows and Stata 7.0 for Linux.
RESULTS
Specimen size (measured as centroid size) varied significantly among samples [analysis of variance (ANOVA), F 5 18.55, p , 0.0001], with the smallest specimens coming from Mojarral West and the largest from Tio Candido (Fig. 3) . Bonferroni's pairwise comparison tests demonstrate that while there are significant differences in size among the samples, there is no coherent pattern based on system or relative geographic location (Table 2) . A nested ANOVA, accounting for within-system variation, was performed in order to compare size variation among the hydrological systems themselves. The result indicates no significant variation of size among the systems (ANOVA, F 5 3.36, p 5 0.1361).
All specimens were scaled to unit centroid size and aligned with a generalized least squares minimization of Procrustes distance (Rohlf, 1996) (Fig.  4) . Subsequent principal warp analysis yielded new variables of shape transformation relative to the consensus configuration of the aligned specimens. Samples were compared by subjecting these new shape variables to MANOVA, which indicated a significant level of differentiation among samples (Wilks' l 5 0.0017, p , 0.0001), and CVA was used to test this sample discrimination ( from Mojarral East was assigned to Mojarral West, and two from this latter sample were assigned to Mojarral East. One specimen from Rio Tecla was assigned to Tio Candido.
Pairwise Mahalanobis distances between specimens in the resulting canonical space (seven canonical factors) were used as input to an UPGMA hierarchical cluster analysis. The resulting dendrogram summarizes the sample discrimination very well, with an almost perfect clustering of specimens by samples (Fig. 6) . Branching order within the dendrogram is also of significance; for example, branching order among the Churince samples corresponds to downstream order, with Churince Poza (the system's source) being most distant from all other samples, followed by Churince 29, Churince 30, and finally Churince 12 (Laguna Media), which is the most downstream Churince sample.
DISCUSSION
The importance of evaporitic systems to planetary geology and astrobiology is evident from this symposium and this collection of papers. However, the rare cases where aquatic habitats are situated within an evaporitic context are unique biological laboratories in which to explore questions of the origin and diversification of life. These habitats on Earth house a large number of specialized life forms that are found nowhere else.
Mexipyrgus exhibits a significant amount of discrete morphological variation both within and among Cuatro Cienegas' hydrological systems. The initial attempts of Taylor (1966) to organize this variation within a taxonomic framework were based on qualitative shell features such as color patterns and sculpture. We have demonstrated here that although Taylor's scheme may not be wholly accurate, there are a number of quantitatively distinguishable phenotypes present in the basin. One question that arises immediately is the basis for the phenotypic variability: Is it genetically based and representative of reproductively isolated and divergent groups, or is it driven purely by environmental variation, or is it the result of complex genotype-environment interactions and selection? And if environment does play a role, which biotic or abiotic factors are responsible?
It is interesting to note that Mexipyrgus is not the only organism in the Cuatro Cienegas aquatic system that is so highly variable morphologically that it has been difficult to determine the number of species present; two types of cichlid fish have previously been recognized as separate species based on radically different tooth morphologies (Taylor and Minckley, 1966) , but genetic and reproductive studies indicate clearly that they are a single interbreeding population (Kornfield et al., 1982) . There are several observations that suggest a genetic basis to the shape differentiation. First, each one of the four hydrological systems harbors a distinct morphotype, suggesting either independent colonization of these systems by Mexipyrgus or an as yet unknown branching pattern of relationships among the morphotypes, suggesting independent differentiation from a common ancestor. Second, there is a strong correspondence between sample downstream order and sample differentiation within the Churince system. This is most apparent on the dendrogram (Fig. 6) where the most deeply nested Churince sample is Poza Churince, the spring source. The next most divergent samples are the next downstream ones, 30ECO and 29ECO; finally there is 12ECO or Laguna Media, which is furthest downstream.
CONCLUSIONS
These results suggest that this environment in particular, and desert springs in general, may be a "hotbed" for high levels of morphological diversification among different organisms. Perhaps the variability of environmental conditions and the fracturing of environments along physicochemical gradients can promote higher levels of differentiation or inhibit genetic exchange. The sophisticated phylogeographical studies currently being undertaken for oceanic islands and continents (Hewitt, 2001 ) may serve as models for which to study the processes of colonization, origination, and diversification found in desert aquatic ecosystems such as this.
Whatever the cause of this pattern, this study suggests that future searches for life on other planetary bodies should place a high priority on similar environmental regimes, past and present. Since variation within populations is one of the primary proposed criteria for accepting the biogenicity of specimens and recognizing fossil life forms (e.g., Maynard Smith, 1994)-and morphological variability is an expected property of complex organisms and an essential element of evolutionary processes-targeting an environment that promotes high levels of diversification may afford us with a better chance of finding incontrovertible evidence for life. While microbial producers interact with their environment primarily in a chemical fashion, structurally complex consumers interact in very physical ways, hence the importance of phenotypic variation to the evolutionary process. The possibilities that microbially based extreme environments may be capable of supporting high levels of diversification of more complex organisms on small spatial scales and that the history of that diversification may be preserved in the geological record are exciting prospects for astrobiological research. Although future molecular biological work from us will be critical in understanding the relationship between morphological and genetic variation, we also plan to study aspects of organisms (i.e., skeletons and hard parts) most likely to be preserved in the rock record if we are to realistically shape the search for life away from Earth.
By examining subfossil material preserved in the evaporite deposits in Cuatro Cienegas, we can investigate the history of diversification in this system as well as the relationship between "hard part" variability and genetic variability. Future work in Cuatro Cienegas will allow us to examine the relationship between physical and biological factors and the processes that promote high levels of morphological diversification in this unique natural laboratory.
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